When a zoom lens views a tilted finite conjugate object, its image plane is both tilted and distorted depending on magnification. Our camera image plane moves with six degrees of freedom; only one moving doublet lens is required to change magnification. Two lens design models were analyzed. The first required the optical and mechanical axes to be collinear, resulting in a tilted stop. The second allowed the optical axis to be tilted from the lens mechanical axis with an untilted stop moving along the mechanical axis. Both designs produced useful zoom lenses with excellent resolution for a distorted image. For both lens designs, the stop is anchored to the moving doublet and its diameter is unchanged throughout magnification changes. This unusual outcome allows the light level at each camera pixel to remain constant, independent of magnification. As-built tolerance analysis is used to compare both optical models.
INTRODUCTION
Proton radiography is analogous to transmission x-ray radiography, but uses protons instead of photons. Proton radiography has high penetrating power, high detection efficiency, small-scattered background, inherent multi-pulse capability, and large standoff distances between test objects and detectors. Proton radiography can make multi-frame radiographs or radiographic movies.
A flash proton radiography facility [1] [2] [3] has been developed at Los Alamos National Laboratory that uses an 800 MeV proton beam with variable burst widths and burst interval times (typically 60 ns pulse widths and 14 bursts). These multiple bursts permit generating radiographic "movies" of the temporal behavior of explosively driven objects with approximate areal densities between 10 mg/cm 2 and 30 g/cm 2 .
The current proton radiography imaging system for dynamic experiments is based on a system of seven individual highresolution CCD cameras, each with its own optical relay and fast shuttering. For each time frame of the movie, a separate CCD assembly is required. Many of the recorded images have star blemishes due to background scattered radiation and inadequate shielding. Recently, most of the system's single-frame CCD cameras have been replaced with a 3-frame CCD. 4 The measured resolution of the entire imaging system with protons is about 2.5 lp/mm with 50% modulation in the scintillator imaging plane and a camera to scintillator magnification of 3.18 or 8 lp/mm at the diode photocathode with a 1600×1600 pixel sensor. Optical resolution for the gated camera system is ~14 lp/mm 50% modulation or 4.4 lp/mm in the scintillator plane. Camera system resolution in the scintillator plane becomes 2.7 lp/mm for a magnification of 5.08 to achieve the full 127 mm field-of-view possible with the magnetic lens system. 
CURRENT PROTON RADIOGRAPHY IMAGING
The current imaging diagnostic for proton radiography uses a Nikkor 85 mm f/1.4 lens to collect light from lutetium yttrium orthosilicate (LYSO) scintillator. Multiple camera systems viewed the same scintillator at 8° angles. There are two folding mirrors for each of the seven lines of sight. A ray tracing of one of these systems is shown in Figure 1 . The size of the scintillator is 127 mm square. The image at the camera is 19 mm. To get proper focus when viewing the scintillator from 24″ away, spacers are added between the Nikkor lens and the camera. Resolution varied considerably from the center to the edge of the field, shown in Figure 2 . This lens is not designed to focus this close to the object, so extra vignetting resulted. No provision is made to tilt the camera to compensate for the tilted object. During current proton radiography campaigns, different commercial focal length lenses are manually swapped in order to vary the magnifications. A person has to enter an activated accelerator region to swap out lenses and correctly steer them to the region of interest on the LYSO scintillator, a time-consuming task. Vignetting and poor resolution of the tilted scintillator limits magnification changes.
It is desirable to provide image zooming and steering under remote control. To properly view a tilted object, the camera has to tilt. The amount of tilt depends on the zoom magnification. When the field of view from the LYSO is reduced by a factor of two, both the alpha and beta angles of the camera increase their tilt by a factor of two.
To prepare for future growth of high-speed framing camera capability, zoom lens operation is now required. If a cluster of framing cameras is used to make movies, then viewing the same scintillator at different angles and at different magnifications will enhance the proton radiography. A new 3-frame camera has recently been tested, and a newer 10-frame camera is under development.
Current resolution of the proton beam is 200 µm at the scintillator. Future upgrades to the magnetic focusing of the proton beam will provide 60 µm resolutions at the scintillator plane. One goal of the new zoom lens system is to match this resolution requirement.
PROTON RADIOGRAPHY ZOOM LENS REQUIREMENTS
 The system will view a 127 mm scintillator in its entirety, optimally mapping the scintillator to the imager. The system will also resolve a 60 µm spot at the scintillator. It is expected that the resolution of the 10-frame imager will not allow for these to be simultaneously met, and so will require multiple zoom configurations.
 Better shielding is required for radiation sensitive cameras.
 Remote zoom, focus, and calibration capability in less than 2 hours is desired.
 A variety of image sensor sizes will be used in the future.
 Thermal environment of proton radiography campaigns requires the zoom lens system to operate from 60°F to 95°F.
 The tilted image plane will require mechanical decoupling of the camera from the lens housing and alignment of the camera to the lens through a third component of the system.
 Field of view of the LYSO scintillator ranges from 127 to 60 mm in diameter. To compare images recorded at different magnifications, scintillator mapping errors have to be better than one pixel on the image sensor.
 A factor of 2.5x more light is desired over the current fixed lens collection system.
 A cluster of four zoom lens systems are to fit as closely together as feasible in the space available under and about the proton beam line in order to minimize distortions. The zoom lens housing should be <600 mm long.
PROTON RADIOGRAPHY ZOOM LENS DESIGN
Our initial optical model was based on a telecentric zoom lens [5] [6] [7] used for a large x-ray source that collects light from a large LYSO scintillator. That zoom lens system operates close to the scintillator and includes two moving doublets, a moveable stop, and a moveable camera for refocus adjustments. In modifying this large zoom lens to meet the new requirements described in Section 3, we discovered that the second moving doublet's position could be fixed; this change resulted in smaller lens diameters for the new system.
The first layout of a 4-camera system that wraps around the proton accelerator pipe is shown in Figure 3 . There are two sets of zoom lens systems at two different elevations. Notice that the camera window is tilted differently from the zoom lens axis. The camera is required to have its own tilting platform to find the image plane. The pellicle could be replaced by a large mirror. The camera positions are upstream from the end of the proton accelerator pipe. Most of the background radiation scatter from the proton beam is in the forward direction. Cameras at these upstream locations will see minimum star blemishes from scattered radiation.
LYSO emits light with a numerical aperture (NA) of greater than 0.56; so, collecting images at tilted angles should not be an issue. In Figure 3 the alpha angle (up and down in the plane of the page) is 14° for the upper pair of zoom lenses 1 accelerator pipe 15.5" di and 23 degrees for the lower pair of zoom lenses. The beta angle (in and out of the page) is 25° for the upper pair of zoom lenses and 9° for the lower pair of zoom lenses. The resolution loss for a zoom lens placement seems to scale with the maximum value of either the alpha or beta angle; so, the performance of the upper pair of zoom lenses is slightly worse than the lower pair.
Optical modeling was performed for four different zoom magnifications for each of the four imaging systems. Figure 3 shows only one zoom position, which is the full field view. This side view hides two of the zoom lens systems. The actual tilt (alpha and beta) of each CCD camera will depend on its zoom magnification. Figure 3 . LYSO scintillator is attached to the exit port of the proton accelerator. This drawing shows two imaging systems viewing this scintillator at compound angles. The other two imaging systems are hidden behind the two shown. The test object is actually much further downstream from the scintillator. Figure 4 shows initial optical modeling of the zoom lens at four different magnifications. Because the LYSO scintillator is viewed from compound tilted angles, this zoom lens design required the stop to be tilted at compound angles (both alpha and beta). Limited performance was obtained. Light collection was improved by 3x. But, we were having trouble getting to the 60 µm resolution requirement.
Clearance distance between the zoom lens and the camera was maximized in the design, so that if a smaller-diameter CCD camera is used, then a doublet could be inserted into this air gap to change the magnification range. Several types of CCD cameras are envisioned for future use with the proton radiography zoom lens.
To improve on the resolution, the zoom lens housing was allowed to tilt relative to the optical axis. We define the optical axis as the chief ray of the center of the field of view. The mechanical axis of the zoom lens is the center line of the lens housing. Resolution dramatically improved. The alpha mechanical tilting angle can be seen in Figure 5 . In this ray trace perspective, light enters the top of the first lens element (left side) and exits at the bottom of the last lens element (right side). This keeps the stop normal to the lens mechanical axis. The resolution is much improved to about 35 µm in all magnifications and at all lens positions surrounding the accelerator pipe. This 35 µm resolution is better than what the 10-frame camera can see, since it can only resolve 1 part in 1100 across its image. The framing camera is tilted at two Circular stop tilted -8° (alpha tilt), 11° (beta tilt) Circular stop tilted -12° (alpha tilt), 5° (beta tilt)
Circular stop tilted -12° (alpha tilt), -5° (beta tilt) Circular stop tilted -8° (alpha tilt), -11° (beta tilt)
angles, decentered in both X and Y, and has a gamma rotation. These decenter and gamma rotations center the distorted image onto the framing camera image plane. Magnification changes are accomplished with the movement of only one doublet and the axial shift and tilt of the framing camera. The stop is circular and is secured to the moving doublet. There is a lot of air space between the zoom lens and the framing camera housing, allowing adequate room for camera tilt adjustments.
A close up of the last two lens elements along with the tilted image plane is shown in Figure 6 . As one zooms to smaller fields of view, the light level at the camera remains constant. For example, with a field of view of 127 mm, the collected light from the LYSO has NA = 0.064. When the field of view changes to 60 mm, the collected light from the LYSO has NA = 0.091. So, the light level at each pixel of the framing remains constant during magnification changes. This is very unusual. For normal zoom lens operations, light levels will change with magnification changes.
The resolution loss scales with the maximum value of either the alpha or beta compound viewing angles. Thus, there is better resolution for the inside zoom lens position (alpha 23, beta 9) than the outer zoom lens position (alpha 14, beta 25). Less than 15 µm resolution is possible if both the alpha and beta angles go to zero.
Circular stop (no tilts), frozen to moving doublet The resolution is excellent across the field of view, as shown in Figure 7 . This can be compared to Figure 3 where the camera was not tilted to compensate for viewing a tilted object. Shown is the MTF for the maximum field of view and at the highest values of both the alpha and beta angles (worse case). The resolution loss will increase as this maximum tilt angle is increased. The zoom lens will be tested with a Scientific Instruments SI 1100s camera. This 4K-pixel CCD camera has an imager measuring 62×62 mm.
However, there is considerable distortion in the image because of the alpha and beta tilting. The amount of distortion depends on the alpha and beta tilts. The amount of distortion also is different at each lens position and at each magnification. Because good resolution is achieved, image processing can easily map out the distortion corrections. Figure 8 shows an example of the type of distortion seen. The camera has been rotated by 3° and decentered in both the X and Y directions to allow the maximum number of pixels to be collected onto the image surface. For this image, the 127 mm diameter object is imaged onto a 44 mm square image. Light collection from the scintillator is 0.065 NA. The camera has a 5.5° alpha tilt, -9.3° beta tilt, -2.2 mm X-decenter, -1.5 mm Y-decenter, and a 3° gamma tilt. 
J i
Enclosure is semi -transparent
T T
Motor, rails, encoder underneath radial compensator on lens L9
EXTENDING MAGNIFICATION OF ZOOM LENS
Another design requirement is to use a variety of different camera image sizes; this requirement responds to the wide variety of framing cameras being designed. Due to the dynamic nature of R&D, one does not know what the most popular, best-developed framing camera will be. So, this new zoom lens design has to be upgradeable with other future image sizes. For this design, we left considerable back focus distance between the lens and the large-format CCD. If a smaller CCD is used, this distance will shrink, depending on the magnification requirement.
One design being considered has a doublet inserted between the lens and the CCD, as shown in Figure 9 . Although the magnification reduction was achieved, the resolution could only be improved by also swapping out the remaining moveable doublet. The 3-frame imager is 18.7 mm square. Less light is collected with this modified zoom lens. However, the intensity of the light at the imager is preserved because it is concentrated more.
OPTOMECHANICAL DESIGN
With the optomechanical design still in development, we show the most likely design in Figure 10 . The housing is circular to minimize its footprint. As expected, bore sight errors drive the optical tolerance budget. The MTF resolution requirement is different for each zoom magnification. Full field of view (127 mm) was evaluated at 30 lp/mm; 2/3 field of view was evaluated at 26 lp/mm; 1/3 field of view was evaluated at 22 lp/mm; and minimum field of view (60 mm) was evaluated at 18 lp/mm. MTF values were averaged for all zoom positions. Table 1 shows how the decenter tolerance value changes the average MTF value. It has been decided to use the decenter of 50 µm for the assembly of this zoom system. Glasses have to carefully chosen to maximize transmission at blue wavelengths. The peak emission of LYSO is at 435 nm. Figure 11 shows the glass types to be used. One lens has been chosen as a radial compensator. The tilt and decenter of the camera is also a critical compensator for reducing tolerances. Again, the optical and the mechanical axis of the zoom lens are not the same. 
FUTURE DESIGN WORK
We are also considering modifications to our design that will expand the zoom lens' capabilities for viewing the scintillator; this would entail maximizing the number of zoom lenses that would surround the proton accelerator pipe. By setting each viewing angle to 32°, twelve zoom lens systems can be envisioned, as shown in Figure 12 . Resolution loss is increased slightly with this higher viewing angle. Note that the previous MTF curve ( Figure 7 ) had a maximum alpha or beta angle of 25°. The last two lenses have their diameters increased from 98 to 104 mm because the light angle exiting the zoom lens has also increased. Total distance from LYSO to first lens surface is unchanged at 24″. When we zoom in to the 60 mm diameter field of view and shift the position of this smaller field of view to different quadrants of the LYSO, the front surface of the zoom lens will have to be the zoom lens pivot in order to prevent lens crashing. Each zoom lens and each framing camera will have to have their own tilt and decentering platforms. Figure 13 shows a concept for a system using eighteen framing cameras. The inner ring collects light at 20° to the LYSO. The outer ring collects light at 38°. Angular light distribution emitted by the LYSO at 38° will be reduced. The end of the accelerator pipe will have to be reduced in diameter from 12″ to ~9″. This arrangement of framing cameras would be a very expensive proposition. For now we are pursuing the building of only a few of the 10-frame zoom lens systems, which will be an improvement over the current proton radiography recording system.
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CONCLUSION
A better optical design has the unusual property of the zoom lens mechanical axis tilted relative to the optical axis. We define the optical axis as the chief ray of the center of the field of view. The mechanical axis of the zoom lens is the center line of the lens housing. The zoom lens design under development will provide a new capability for proton radiography. Light collection is improved by more than a factor of three. In addition, the new design provides greater than a factor of three improvement in resolution. The expected optical system resolution of this system will outperform future proton radiographic resolution upgrades being considered. An unusual feature of this zoom lens design is that as it zooms to smaller areas of the scintillator, the light levels at the camera do not change.
